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S??BG'T 0? THE RESERVOIR VOLUHE Oil TZS DISCHARaS PRESSURES 
IIT THE IlTJECTIOi: SYSTHi/I 0? THE 
IT.A.C.A. SPRAY PHOTO&RAPHY EqUIPI/IEITT • 
By A* M, Rotiirocli and D, W. Lee 



SU1.IHARY 



Tests were made- to deteriaine .the effect of tli(3 reser- 
voir volume on tlie discharge pressures in the injection 
syster.i of the II.A.C.A. spray- pho t ography equip.ment . Tho 
data obtained are applicalDle to the design of a coni-.ion- 
rail fuel-injection system. The data show that an injec- 
tion system of the type described can he desi/jined so that 
not uore than full load fuel quantity can he injected into 
the engine cylinders, and so that the fuel spray charac- 
teristics remain constant over a large ran-^e of en.^ine 
speeds. Pornulas arc presented for computing the volume 
of the reservoir and the diameter of the discharge orifice. 



IITTRODUCTIOIT 



Investigations are heing conducted hy the National 
Advisory Committee for Aeronautics at Langley 7ie3ld, Va, , 
to dovelop^ a f uel-in j oc t i on system for high-speed compres- 
sion-ignition engines which will give the same injection 
charact eri.stics for. a wide range of engine speeds. The 
r eqtiir emen.t s of such a system have ooen discussed in ref- 
erence 1, 

The tests are oeing conducted on the fuel-injection 
sys-tem of the il.A.C.A. spray photography equipment. (Ref- 
erence 2.) This system is heing used instead of one re- 
signed for. engine operation oecause it is particularly 
adaptable to test work. The injection is caused hy^ re- 
leasing fuel under pressure from a reservoir through an 
injection tube to a discharge orifice, mounted either in 
a plain holder or in an automatic injection valve. (^Tig. 
1.) The duration of injection is regulated by the time 
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interval Detweon the opoiiing. of the .timing valvo and tho 
opening of the "by-pass valve, Tlio operation of t-:o 572 1 cm 
has "been described in detr.il in rcj^'oronco !• 

Tne factors which have been investigated are: the ef- 
fect of the inj ec t i on- tube length .on. .tho- rate of pvor-^si.ire 
rise a.t the timing valve after the opcininc of the valve 
(reference 3).; the. effect of the inj ect ion- tube lonj^th 
and diamet er , ■ and of the pressures in the injection sys- 
tem on the time la.-c-; bet\7oen the opening, of the tiriinj^; 
valve and the appearance of the spray from the automatic 
injection valve (reference 4); and the e::'fect of the in- 
jection-tube dimensions, the discharge-orifice area, t-io 
velocity of the opening of the timing valve, and the pres- 
sures in the injection system on t'ae instantaneous oros- 
sures at the discharge orifice (rcforonco l). . Some data 
wcrb presented in reference 1 on th-o o:'fect of the voluLmo 
of the h.i gh-pr 0 ssuto reservoir on the instantaneous pres- 
sures at the discharge orifice. The present report co2i- 
tains the results of tests conducted to comijloto tb.is in- 
vestigation. 

KETHOD AND APPAHATUS 



The method of determining the movement of, the.injec- 
'tion valve stem. (fig. l) and from this movement computing 
the instantaneous pressures at the discharge orifice 
been fully described in reference 1. • 



o ,0 d 



The conditions that were maintained constant during 
the preseiit tests v/ere: 

Orifice diamet-r, ; 0.020 in. 

Injection-tube length, 44 " 

Inj ection-tube internal diameter,. 0.12 " 

Injection-tube e:j«:ternal diameter, 0.25 " 
Total length of tubing betv/oen 
h i gh- 1.) r c s s-:ir e r e s o r v 0 i r d 

discharge orifice, 58 " 

Injection pressure, 3500 lb. /so. in*. 

Time interval o.f . inj ec t ion as . ....h 

.. regulated by the by-pas5> valve," 0.0047 nee. ] 

T":e high-presauro resoryoir. w.as, a , cylinder v;ith an . 
outside diameter uf 4 inches and an inside diameter of 2 

inches. The volume of the reservoir was changed by plac- 
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ing 2-inch diameter cylinders inside the reservoir. The 
tulDe connecting the high-pressure reservoir to the timing 
valve was connected to the top of tho reservoir instead 
of the "bottom, as shown in Figure 1. 

Tests were made with the by-pass valve operating, 
v/ith the "by-pass valve disconnected, and with the timing 
valve -.eld open to determine tho r^iaximum discharge that 
could loe olDtained with each reservoir volume. 

The tu'be connecting the timing valve to the hand 
pump was approximately 20 feet long. A hand-operated nee- 
dle va,lve was mounted "between the junction of this tube 
and the timing valve to determine the effect of the fuel 
under pressure in this tu"be on the instantaneous pressures 
at the dischrage orifice* 

RESULTS AND DISCUSSION 



Effect of reservoir volume .- Eigure 3 shows the effect 
of the reservoir volume on the instantaneous pressures at 
the discharge orifice. It should be noticed in analyzing 
the curves that the injection valve-closing pressure 
(V.C.P.) was lower with the 3.2-cubic-inch reservoir than 
with the other volumes. The injection valve-closing pres- 
sure is defined as that pressure which, if acting on the 
whole of the stem area, would result in a hydraulic force 
equal to but oppositely directed to the force exerted by 
the injection-valve spring when the injection-valve stem 
is seated. The injection valve- cl o sing pressure is equal 
to tho injection valve-opening pressure multiplied by the 
ratio of the stem area presented to the hydraulic pressure 
before the injection valve opens to the stem area present- 
ed to tho hydraulic pressure after the injection valve 
opens. For the valve tested, this was equivalent to ap- 
pro::i -licit oly 0.7 tim-cs the opening pressure. The closing 
prossiirc was determined from tho calibration records (ref- 
erence 1) by extending the stem lif t-pr o ssur o curve to zero 
stem lift. It could be determined more, accurately than the 
opening pressure. T7hether or not the pressure on the in- 
jection-valve stem was equal to the V.C.P. when cut-off 
occurred depended on the position and direction of movement 
of the stem 7/hen the by-pass valve opened. 

T!io curves in Figure 3 show that the initial rate of 
presstire rise was X->^a,ctically independent of the reservoir 
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voluLie. The raaximum prer.sures increased slightly as the 
volunie t/as increased. The general shape of the curves 
for; the first CeOOS' second is the same, regardless of the 
reservoir voltiriie As vris shown in reference 2,' for vol- 
umes :reater than 11 cubic inches, the injection pressures 
were independent of the reservoir volume. The total re- 
corded', inject'ip::! p.eriod nith the 4o 7-cuhi c-inch reservoir, 
as T/i'll "be shown, later 's was 0"^0045 second; hut the stem 
lifV after the f ii st 0..y003 second was- not sufficient to 
give of fi ci enx rnj 00 t'i on • Gonseq-xently , the instantane- ' 
ous pressures wer=^ determined for only the first 0,0033 
secon.do. Restriction to flow between the injection-valve 
stem, and the 'vaire/sefa*t did not occiir until cut-off in 
o.-.i^-^ o.f the tests,^ p.s the area betv/een the stem and seat 
f o'r a' stem lift of O.OCl inch' was equal to tho discharge 
orifice area. 

Tho 1 a o-cubi c-inch volume was sufficient for an in- 
jection L-eriod of 0,00^) second. Since 0,003 second is ap- 
pro:':imat ely the allowable injection period for high-speed 
engine operation, it can bo concluded that tho l,o-cubic- 
inch volume is sufficient for the reservoir under these 
^te'st conditions. The total fuel quantity discharged, com- 
put,3d, :f r om the instant ancous pressures according to the 
me"tho"d given in reference/2, was 0,00023 pound. Assuming 
14*5, pounds of air required to burn 1 pound of fuel and 
complete ^combusti oil discharge was sufficient for an 

engine cylinder .with a bore and stroke of 4,G inches. It 
is seen,. . therefore that the reservoir volume need not be 
excessive in com.parison to the other dimensions of the en- 
gine, provided that t:ie pressure in the reservoir is built 
up to the required injection pressure before the start of 
each injection. 

The pressure difference between the injection pres- 
sure and injection valve-closing pressure for the test 
with the 1 , 5-cubic-inch common-rail volume was 1,475 
poi^nds per square inch. The decrease in fiiel volume for 
this pressure difference was gs^ooO ^"^^ cubic inches or 
0.0083 cubic Inch, in which 284,000 po-ands per square inch 
is the bulk modulus of the fuel, (Reference 5.) This 
volume is equal to 0.00026 pound, since the density of the 
fuel was 0.0307. ppund per cubic inch. This value com- 
pares favorably with tne discharge of 0.00023 pound com- 
puted frohi the ^.nstant aneous pres:iures. 
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To compute the reservoir volume for any conditions, let 



W 

E = 

7 =^ 



Then 



reservoir volume , . •. 

weight of fuel for maximum load 

pressure in reservoir at start of injection 

closing pressure of injection va-lve 

bulli modulus of fuel 

•specific weight of fuel • 



P - P 
T7 = V ^ ^ X 7 



(1) 



Solving for 



Jll 



(2) 



Care urast be taken in using the equation to substitute the 
sa.me units of mass and length for all the »f actor's. 

The total tube length of 58 inches between the common 
rail a.nd the discharge orifice, according to reference 2, 
Was sufficient for an in j ecti an per i od of 0.0029 second. 
Figure 3 shows that, had the cut-off been controlled by 
the by-pa.ss valve and had it occurred at 0.0024 second 
after the start of injection, the cut-off of the fuel 
sprays with the l.S, 3,2, and 4.7 cubic inch reservoirs 
would have been sharper and there would have been less 
tendency for after dribble. 

Uith the 3.2--cubi c-inch common rai 1 , the fuel volume 



for discharge was 



3500 



1785 



X 3.2 cubic inches or, e:c- 



234000 

pressed as a weight, 0.00052 pound. The discharge, com- 
puted from the instantaneous pressures, was 0.00024 pound. 
The difference in the two quantities was caused by the 
pressure-wave phenomena discussed in reference 2. The 
time required to discharge 0.00052 pound of fuel through 
a 0.020-inch orifice with a pressure head of 3,500 pounds 
per square inch is 0»0071 second, assuming a coefficient 
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01 discharge of 0,94. (Hoferonce !•) . CqnsG.quGntl;^^ , it 
can "bo conclndod that t-io 0,020-inch orifice was too r,mall 
for the 58-inch in 1 o c t i on-tubo len^'^th and the 3,3-oubic- 
inch coi.iiiion rail- To do t ormino • tho orifice di'\uotor to oq 
used with the 3,2-ciihic-inch volumo^ the orifice area nec- 
essary te discharge 0 • 00d52'"pauhd of fuel in 0.0024 sec- 
ond \7ith a pressure head of 3,500 pounds :^)0T square inch 
is computed, Usin^ the flow fo'rmila 



4 



c t y 2 p 



[3) 



in vj'hich cL is the orifice diamotcr, C tlie coof f i ciont 
of ciiscliargo of the orifice, and t the tins of r'.i schn.r '■o 
Solving for d 



/ 



4 i7 



(4} 



TT C t ? g 7 

SuoGtituting the nu::iorical valtios 



4 X 0.00052 



^/ 

^ 3,14 X 0.94 X 0.0024 /' 2' X 3500 'X 385 X 0,0307 

~ 0.032 inch. 

In the dQ.sign of an injection system, of the typo do- 
scrihed in this report, equation (2) Is uso.d for computing:;: 
the volume .of the reservoir, and equation (4) for conipvit- 
in{; the dia,metor of the di sch-arj'^o " or if i ce , ' If a multiple- 
orifice nozzle is iised, th-e sum of -the a^'oas of the ori- 
fices shoiild be equivalent to that of a sinr;le orifice 
with the diameter given in equa-tion (4), ma?:ing suitable 
corrections for any variation in the. coefficient of dis- 
cha.r^e. The data- pro sent cd i:i reference 1' show tho.t the 
length of the injection, tube in inches should bo tvrice the 
injection period in 0.0010 second and that . the . area of all 
passa-3:ej3 between the common rail and the discharge orifice 
shoiild be at. least four times the /area of the. discharge 
orifice. 

Effect of form of hi,q:h-^pres"^ure res ervo,ir . - To d o t o r - 
mine, whether or not the'- hi gh^pr e ssrir e reservoir coi,ild con- 
sist of a long tube, a"' test was made In which a 94-inc:: 
tube with a volume of 1.1 cubic inches was used for the 
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hig'-i^pre s sure reservoir. The recorded movement of the in- 
j oct ion-valve stern is" shown in Figure 4« The total in- 
jection period is lont;:er than was obtained with the 1.5- 
cuoic-inch reservoir. The curve shows, however, that the 
inst : nt r?.neous pressures ?7ere considerably lower than when 
the 1 « 6--cubic-inch volume of short length was used. Fur- 
ther tests would bo necessary to determine the maximum 
poriiissible ratio between the length and the cross-sec- 
'tional area of the high-pressure reservoir. The results 
do show that a safe rule to follow is that the linear di- 
mensions of the hi{;:;h-pressure reservoir should all be of 
the same magnitude. 

affec t of by -pass val ve on the injection per iod,- The 
ing oct i on-valve stem records for the 4, 7-cubic-inch reser- 
voir vrith and without the by-pass valve operating are shown 
in Figure 5. Tho upper record shows that with the by-pass 
valve operating, the total injection period was apx)roxi- 
inatcly the same as that for the 11 c?.nd 20 cubic inch vol- 
umes. However,- after the first 0.0033 second with the 
4.7-cubic-inch reservoir, the stem lift was insufficient 
to give efficient injection, IThen the by-pass valve was 
disconnected, the injection v/as controlled by the time in- 
terval during which the timing valve was opened and was 
consequently longer than with the by-pass valve operating, 
17ith the l.S and 3.2 cubic inch reservoirs, as has been 
shown in Figure 3, the total injection period was inde- 
pendent of the by-pass valve setting, provided it was set 
for an injection period of greater than 0.0030 and 0.0034 
second, respectively. Consequently, it can be concluded 
that with small reservoir volumes and individua-1 pximps 
and reservoirs for each engine cylinder, the maximum fwel 
quantity which could be delivered to an engine employing 
tho type of injection system described herein, could be 
limited to full load fuel quantity, 

3]ffect of slow opening of the timing valve ,- Reference 
1 shows there was little variation in the instantaneous 
injection pressures for c?inshaft speeds of 470 to 1,100 
r^p.m. In the present investigation, a test was made in 
which the timing valve was opened by giving the camshaft 
a partial turn by hand so that the timing valve remained 
open. The inj e cti on- valve stem lift record (fig. 3) shows 
that^ calthough tho instantaneous pressures wore lower than 
when tho cam was rotated by engaging tho clutch, the stem 
was lifted clear of the seat until the pressure in tho in- 
jection system dropped to the injection valve-closing 
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prosGuro. Tlie rocord sho^.7S tlir^.t at engine cranking spood 
sati sf a-c tory injoetion cha-ractcri sties wcro mo.int aincd , 
and.tliat an injection s7stom oi the typo herein described 
should be > sati sfact ory for oper at i on ' over a wide speed 
range, 

^i" feet of tigb e connectin^g; timin^g; valve to hand pum'o , - 
A compo.rison of the results presented in Figure 3 vzith 
those in reference 1 shows that the initial rate of pres- 
sure rise was slower in the present investigation. In the 
tests from which ohe data for Figure 3 were obtained, a 
hand-operated needle valve was placed between the timin.^ 
valve and the tube connecting the timing valve to the hand 
pump* TThen this valve was removed, the inj ecti on-va,lve 
stem record showed the s-ame rate of pressure rise (fig.. 7) 
as presented in reference 1, It can be concluded that the 
higher rates of pressure rise presented in reference 1 
were caused by the additional impulse given to the initial 
pressure wave by the fuel under pressure in the tube con- 
necting the timing valve to the hand pump, 'Then the "valve 
between the timing valve and pump was inserted but lef t • 
opened, some damping of the energy from the tube 'was no- 
ticed^ When the valve was closed so that the injection 
was entirely controlled by the fuel under pressure in the 
reservoir, the injection-valve stem records and the in- 
stantaneous pressures were those given 'in Figiire 3. (The 
bottom curve in Figure Vis the' same as the ciirve for the 
stem lift with the 11-cubic-inch reservoir volume shown 
in Fi-gure 3.) 

COITCLUSIOITS 



It can be concluded from the data presented that: 

1. In an injection system of the type described, the 
reservoir -can be made sufficiently small to prevent more 
than f^ill load fuel quantity from being injected into the 
engine, and still give satisfactory injection characteris- 
tics over a large range of engine speeds. 

2* The volume of the reservoir and the diameter of 
the discharge orifice can be computed from a knowledge of 
the fuel qiiantity to be discharged and the time of dis- 
charge, ' • • 



IT.A.G.A. Technical ITote ilo . 407 



3, The reservoir should be desir^ined with linear di- 
mens ions of equal raagnitude. 
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Fig. 2 Automatic injection valve and apparatus 
for recording valve stem movement. 



N.A.C.A. Technical Note ITo. -iC? 

4000 .04 
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secf^nds 

Discharge-orifice diameter 0.020 in. 
Injection- tuDe length 44 in. 

Initial pressure 300 Ih./sq.in. 

Injection pressure 3500 l"b./sq.i^^» 

Fig. 3 Effect of reservoir volume on stem lift and fuel pressure 
at the discharge orifice. 
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Reservoir, 94 in. , tu"be ,1.1 cu. in. 
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0 .001 .002 .003 .004 

Time , second 

Reservoir ,1.6 cu. in. (see ciirve in figure 3) 



Discharge-orifice diameter, 0.020 in. 

Injection-tul)e length, 44 in. 

Injection-valve closing pressure, 2025 ITD./sq. in. 

Injection pressure, 3500 " " " 

Initial pressure, 300 " " 



Fig. 4 Effect of shape of reservoir on injection- valve stem lift. 
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LCut-off of injection 

Stop of injection caused "by opening of ty-pass valve 



Discharge- orifice diameter, 0.020 in. 
Injection-valve closing pressure, 2025 It./sq. in. Injection pressure, S500 l"b./sq. in. 

Injection-tute length, 44 in. Initial pressure 300 l"b./sq. in. 
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Stop of injection caused "by closing of timing valve ("by-pass valve disconnected) 
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ffig.5 Effect of "by-pass valve on duration of injection with 4.7 cu. in. reservoir. 
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TiiTxe, secona 



Reservoir volume, 4.7 cu. in. 

Discliarge- orifice diameter, 0.020 in. 

I nj action- V'C^lve closing press^are, 2025 llo./sq. in. 
Initial pressure, 300 " " " 



.013 



.014 



.015 



Injection pressure, 3500 llD./sq. in. 
Injection- tul3e length, 44 in. ^ 
Total length, 58 in. 



,5 Timin._?:-vulve c?:im operated "by hand. Injection period controlled l3y fuel ^uider pressure 
in reservoir. 
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Needle valve "between timing valve and tube to hand pump, valve opened. 
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.002 .003 
Time, second 

Needle valve "between timing valve and tiibe to hand pump, valve closed. 
11 cu. in reservoir 

Discharge-orifice diameter, 0.020 in. 

Injection- tute length, 44 in. 

Injection-valve closing pressure, 2025 l"b,/sr[. in. 

Initial pressure, 300 " " 

Injection pressure, 3500 " " " 

Fig. 7 Effect on injection- valve stem lift of fuel under pressure in 
tute connecting high-pressure hand pump to timing valve. 



